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Introduction {#sec001}
============

Animal and human studies proved that inhalation anesthetics affect cognitive function\[[@pone.0134217.ref001]--[@pone.0134217.ref006]\]. Their short term effects as amnesic agents are well known, while their long term effects, and especially their pro-cognitive effects need to be better presented. Some investigators reported that isoflurane-induced cognitive impairments in rats\[[@pone.0134217.ref001]--[@pone.0134217.ref003]\], whereas others described cognitive improvements following isoflurane exposure in rodents up to 2 weeks after isoflurane anesthesia\[[@pone.0134217.ref001],[@pone.0134217.ref004],[@pone.0134217.ref005]\]. Sevoflurane, with low blood/gas ratio, fast onset and recovery and low pungency\[[@pone.0134217.ref007]--[@pone.0134217.ref009]\] is more widely used for induction and maintenance of general anesthesia during surgery than other inhalation anesthetics. While there is still a lack of studies concerning sevoflurane's effect on cognition. Several studies reported sevoflurane neurotoxicity and cognitive impairment focused on neonatal mice \[[@pone.0134217.ref010]--[@pone.0134217.ref012]\]. While the effects of sevoflurane on adult mice cognition are fewer reported. It is recently reported that sevoflurane anesthesia induced even an improvement of adult mice cognitive performance 24 hours after anesthesia\[[@pone.0134217.ref013]\]. But we still have no information about how long these effects last and how they have been interpreted.

Although the exact mechanism of commonly used inhalation anesthetic sevoflurane remains unclear, increasing evidence supports the theory that inhalation anesthetics act on postsynaptic receptors. Many inhalational anesthetics, such as halothane, isoflurane and sevoflurane potentiate inhibitory ion channels (i.e., GABA~A~ receptors) and inhibit excitatory ion channels (i.e., NMDA receptors), which contribute to the reduction of neuronal excitability and lead to anesthesia \[[@pone.0134217.ref014],[@pone.0134217.ref015]\].

Extracellular signal-regulated kinase 1 and 2 (ERK1/2) are the key players downstream of NMDA receptor activation. Upregulation of phosphorylated ERK1/2 (p-ERK1/2) upon NMDA stimulation promotes neuronal survival, whereas downregulation of p-ERK1/2 leads to severe neurodegeneration\[[@pone.0134217.ref016],[@pone.0134217.ref017]\]. Sevoflurane has been reported to inhibit the phosphorylation of extracellular signal-regulated kinase 1 and 2 (ERK1/2) in the hippocampal tissues \[[@pone.0134217.ref018]\]. Due to the critical role of NMDA receptors and its downstream signaling molecules in learning and memory processes\[[@pone.0134217.ref019]\], these receptors may play a role in sevoflurane-induced cognition change in brain. Therefore, in this study, we investigated the impact of different durations of sevoflurane on young adult mice cognitive performance, examined the expression of NR2B and the ratio of p-ERK1/2 to total ERK1/2 in the mice hippocampous following sevoflurane exposure. We also examined the activation of caspase3 and neuronal morphology in an attempt to understand the potential apoptosis induced by sevoflurane.

Experimental Procedure {#sec002}
======================

Animals {#sec003}
-------

This protocol was approved by the Shanghai Tongji University, School of Medicine, Animal Care and Use Committee. All experimental procedures were performed in accordance with the National Institutes of Health (NIH) guidelines for animal care (Guide for the Care and Use of Laboratory Animals, Department of Health and Human Services, NIH Publication No. 86--23, revised 1985).

Male C57BL/6 mice (4--5 weeks old) were obtained from Fudan University Animal Care Committee. All the mice were housed separately under standard laboratory conditions (12:12 light/dark cycle, 22°C, 60% humidity) with free access to tap water and food. The animals were allowed to adapt to laboratory environments for at least three weeks before experiments.

Mice treatment {#sec004}
--------------

Non-fasted mice (8 weeks old) were randomly divided into five groups (n = 15): control group (S0) and four anesthesia groups (S1, S2, S3 and S4). The anesthetized mice in S1, S2, S3 and S4 groups were placed in closed chambers and received sevoflurane plus air and oxygen (FiO~2~ = 0.5) at varying durations: 1, 2, 3 and 4h respectively. The concentration of sevoflurane was 2.5% in all anesthesia groups. The concentrations of sevoflurane and oxygen were monitored continuously (GE Datex-Ohmeda, Tewksbury, MA). Rectal temperature was maintained between 37 and 38°C by applying a warming blanket. To prevent hypoxia during sevoflurane exposure, we analyzed the blood gas levels in five additional mice at the end of 4 hours sevoflurane-exposure to avoid influence on cognitive and behavioural testing, which revealed normal oxygenation, adequate PCO2 values, and no acidosis (pO2: 125±10mmHg, pCO2: 38±5mmHg, pH: 7.38±0.01). After recovery, all experimental mice were returned to the raising cages. No mortality was observed during anesthesia and two weeks after anesthesia. Naïve mice S0 were kept in their home cage, in the same room as experimental animals for the duration of anesthetic exposure with no anesthesia. A schedule showing the time (days) of different experiments was provided ([**Fig** 1](#pone.0134217.g001){ref-type="fig"}).

![Schematic time-line of the experimental design.](pone.0134217.g001){#pone.0134217.g001}

Morris Water Maze (MWM) test {#sec005}
----------------------------

The cognitive performance of the mice was assessed using the MWM test. MWM test is the most widely used technique in behavioral neuroscience for studying neural mechanisms of spatial learning and memory. The test was administered by an operator blinded to the group conditions. The MWM consisted of a round steel pool(122 cm in diameter and 60cm in height), which was filled with water to a level of 1 cm above the top of a platform (10 cm in diameter, 30 cm in depth). The pool was surrounded by a blue curtain with cues and was located in an isolated quiet room (20°C, 60% humidity). The water was maintained at 21°C and opacified with titanium dioxide.

The MWM test began at day 10 from the beginning of sevoflurane exposure and continued for five days (n = 10). The first four days (day 10--13) were the phase of place navigation test (reference memory test), which consisted of 16 training trials: four trials per day for four days with an inter-trial interval of 30--40 min. At the beginning of each trial, the animals were placed into water facing the wall, from different start positions (north, south, east, and west) and allowed 60 s to find the hidden platform and 15 s to stay on it. If the animal failed to locate the platform within 60 s, it was gently guided to the platform and allowed to stay on it for 15 s. A video tracking system was used to record the swimming activities of the animals. The escape latency (i.e., the time from dipping into water to staying on the platform) was recorded. On the fifth day (day 14), a spatial probe test was performed in which the platform was removed from the pool. The mouse was placed in the opposite quadrant and allowed to swim freely for 120s. The numbers of platform crossings were recorded.

Data were analyzed by using motion-detection software for the MWM (Shanghai Mobile Datum Information Technology Co, Ltd.).

Antibodies and immunoblotting {#sec006}
-----------------------------

Animals were killed by cervical dislocation, decapitated and their brains were rapidly removed at 24h post-anesthesia (n = 5), and at two weeks (after MWM test, n = 5). The control group was processed 24h after exposure. The bilateral hippocampi were dissected with 4°C saline and frozen in liquid nitrogen within 3 min of decapitation, and stored at -80°C. Antibodies to NR2B (ab28373, Abcam, USA), pERK1/2 (ab115617, Abcam, USA), ERK1/2(ab17942, Abcam, USA), Caspase3 (ab2302, Abcam, USA) and β-actin (Sigma-Aldrich, USA) were used. The total proteins were extracted and concentrations were measured by using bicinchoninic acid (BCA) protein determination assay (Pierce, Rockford, IL). Samples (25 μg protein) were resolved in 8% sodium dodecyl sulfate (SDS)-polyacrylamide gels and transferred to nitrocellulose membrane. The nitrocellulose membrane was then saturated in 5% skim milk solution for 1h and incubated overnight at 4°C with anti-NR2B (1:1000), anti-pERK1/2 (1:1000), anti-ERK1/2 (1:1000), and anti-Caspase3 (1:1000) in 5% skim milk solution. The membrane was rinsed 3 times (5 min each) in 0.05% Tween-Tris buffered solution (TTBS) buffer and incubated with alkaline phosphatase-conjugated secondary antibody (1:5000, Burlingame, CA) for 1 h at room temperature. The membrane was washed and processed by using the enhanced chemiluminescence method. Visualization and quantification of band density were performed with AlphaView Software3.4.

Electron microscopy {#sec007}
-------------------

Two weeks post-anesthesia, mice in each group (n = 5) were anesthetized with pentobarbital and perfused transcardially with 4% paraformaldehyde and 2% glutaraldehyde (Sigma-Aldrich, USA) in 0.01% phosphate buffer saline (PBS). The brain tissues were dissected and post-fixed in 2% glutaraldehyde at 4°C for 2 h. The brain was transversely sliced into 1-mm thick slabs. Blocks measuring 1×1×1 mm3 were severed from the hippocampus, post-fixed in 1% osmium tetroxide, dehydrated in graded alcohol, cleared in toluene, and embedded in araldite. The slabs were then sectioned into ultrathin slices, stained with uranyl acetate and lead citrate. The ultrastructure was observed and photographed by using a transmission electron microscopy (Philips CM 120, The Netherlands).

Statistical analysis {#sec008}
--------------------

Data were expressed as mean ± SD. Statistical comparisons between experimental and control groups were performed by one-way analysis of variance (ANOVA) with Least-significant difference post-hoc analysis, or repeated measures analysis of variance depending on outcome measure using statistics software SPSS (version 14.0; USA). A value of P \< 0.05 was used for statistical significance.

Results {#sec009}
=======

Sevoflurane induced changes of spatial cognition {#sec010}
------------------------------------------------

To evaluate the spatial memory effects of sevoflurane on the mice, Morris Water Maze(MWM) was performed 10 days post the sevoflurane exposure.(n = 10). In the place navigation test, the escape latency of each mouse was recorded. The mice in S1, S2 and S3 groups exhibited significantly shorter escape latency than that in the control group (1st day: F = 1.333, P = 0.062; 2nd day: F = 6.062, P = 0.031; 3rd day: F = 12.253, P = 0.032; 4th day: F = 3.011, P = 0.028). However, Mice in S4 showed longer escape latency than that in the control on the second day (**[Fig 2A](#pone.0134217.g002){ref-type="fig"}**). In spatial probe test we found that mice in S1, S2 and S3 groups crossed the platform significantly more than that in the control group(F = 10.841, P = 0.000). No difference was observed in platform crossings between S4 and control group(P = 0.065) (**[Fig 2B](#pone.0134217.g002){ref-type="fig"}**). No significant differences in swimming speed were noticed between anesthetic groups and control group (data not shown). Data indicated that treatment with 2.5% sevoflurane within three hours induced cognitive improvement.

![Sevoflurane anesthesia induced mice spatial cognitive changes.\
(A) The mice in S1, S2 and S3 groups exhibited significantly shorter escape latency than that in the control group. No significant difference was noted between S4 group and the control group except that on the second day of MWM test S4 had longer escape latency. (B) Platform crossings were increased in S1, S2 and S3 groups but not in S4 group as compared to control group (\*: *P* \< 0.05, \*\*: *P* \< 0.01; ^\#^: p\<0.05, S4 VS S0)](pone.0134217.g002){#pone.0134217.g002}

Sevoflurane induced upregulation of NR2B in the hippocampus {#sec011}
-----------------------------------------------------------

Hippocampal samples from different groups were homogenized and the expression of NR2B was determined. The level of NR2B expression was assessed at 24 h and two weeks post-sevoflurane treatment, when the animals completed the MWM behavioral analysis, in order to examine an early and late changes after anesthesia treatment. NR2B expression was increased in all anesthesia groups (S1 to S4) compared to the control group (S0) both at early(F = 77.048,P = 0.000) (**[Fig 3A](#pone.0134217.g003){ref-type="fig"}**) and late time (F = 93.511,P = 0.000) (**[Fig 3B](#pone.0134217.g003){ref-type="fig"}**). Therefore, sevoflurane exposure may induce NR2B expression increased for at least two weeks.

![Effects of sevoflurane anesthesia on early and late protein expression of NR2B in the mice hippocampus.\
NR2B expression was increased in all sevoflurane-treated groups at 24 hours post- anesthesia (A) and 2 weeks post-anesthesia (B). Data are presented as mean ± SD. (\**P* \< 0.05, \*\**P* \< 0.01).](pone.0134217.g003){#pone.0134217.g003}

Sevoflurane activated ERK1/2 in the hippocampus {#sec012}
-----------------------------------------------

The p-ERK1/2 and total ERK1/2 levels in the hippocampal tissues were determined at 24h and two weeks post-treatment, when the animals completed the MWM behavioral analysis. The ratio of p-ERK1/2 and total ERK1/2 determines change in activation of ERK1/2. The p-ERK1/2: total ERK ratio increased in all anesthesia groups (S1 to S4) as compared to control (S0) at 24 h after sevoflurane exposure (F = 51.907,P = 0.000) **([Fig 4A](#pone.0134217.g004){ref-type="fig"}**). The p-ERK1/2: total ERK ratio also increased in S2 to S4 groups but not in S1 group as compared to control (S0) at two weeks later (F = 59.696,P = 0.000)(**[Fig 4B](#pone.0134217.g004){ref-type="fig"}**). Thus, sevoflurane activated ERK1/2 within 24 h after exposure up to four hours. The increased p-ERK1/2: total ERK1/2 ratio was still detected in the groups with two- to four-hour exposure.

![Effects of sevoflurane anesthesia on early and late ERK1/2 activation in the mouse hippocampus.\
(A) Activated ERK1/2 was increased in all sevoflurane-treated groups compared to control group at 24 hours post-anesthesia (*P* \< 0.01). (B) Activated ERK1/2 was increased in S2, S3 and S4 groups at 2 weeks post-anesthesia. Data are presented as mean ± SD.(\**P* \< 0.05, \*\**P* \< 0.01).](pone.0134217.g004){#pone.0134217.g004}

Sevoflurane activates caspase3 in the hippocampus {#sec013}
-------------------------------------------------

We quantified the 17kD fragment of activated caspase3 in the hippocampus in all groups. The quantification was performed twice: at 24 h and at two weeks after sevoflurane treatment. At 24 h post-anesthesia, caspase3 was elevated in S2, S3 and S4 groups but not in S1 group as compared to control group(F = 31.372,P = 0.000) (**[Fig 5A](#pone.0134217.g005){ref-type="fig"}**). Two weeks later, caspase3 was still elevated in S3 and S4 groups as compared to control group(F = 89.783, P = 0.000) (**[Fig 5B](#pone.0134217.g005){ref-type="fig"}**). Therefore, two- to four-hour sevoflurane exposure activated caspase3 at 24 h post anesthesia. However, only three- to four-hour sevoflurane exposure caused activation of caspase3 for at least two weeks post-anesthesia.

![Effects of sevoflurane anesthesia on early and late caspase3 activation in the mouse hippocampus.\
(A) The activated caspase3 was increased in S2, S3 and S4 groups at 24 hours post-anesthesia compared to control group. (B) The activated caspase3 was increased in S3 and S4 groups at 2 weeks post- anesthesia compared to control group. Data are presented as mean ± SD. (\**P* \< 0.05, \*\**P* \< 0.01).](pone.0134217.g005){#pone.0134217.g005}

Four-hour sevoflurane exposure induced apoptosis {#sec014}
------------------------------------------------

The typical apoptotic changes were absent in the hippocampal neurons in control (**[Fig 6A](#pone.0134217.g006){ref-type="fig"}**), S1, S2 and S3 group (data not shown) at two weeks later. Normal cellular morphology including intact nuclear membrane, evenly distributed chromatin and clear ultrastructural findings were present. The typical apoptotic cells were observed in the hippocampus of the S4 group two weeks later. Ultrastructural changes including mitochondrial swelling, vanishing mitochondrial cristae, shrunken nucleus membrane and chromatin margination were seen in ultrahistological analysis (**[Fig 6B](#pone.0134217.g006){ref-type="fig"}**). Therefore, four-hour sevoflurane exposure induced apoptosis in the hippocampus.

![Transmission electron microscopic images.\
(A) normal brain cell in control (B) apoptotic cell in S4 brain. Ultrastructural changes include mitochondrial swelling, disintegrating mitochondrial cristae (black arrow), nucleus membrane shrinkage (red arrow) and chromatin margination (yellow arrow) by ultrahistological analysis. The scale bar represents 5μm.](pone.0134217.g006){#pone.0134217.g006}

Discussion {#sec015}
==========

General anesthesia affects learning and memory via impairment or improvement in cognitive function\[[@pone.0134217.ref001]--[@pone.0134217.ref005]\]. In this study, we found that 2.5% sevoflurane exposure within 3 hours can improve young adult mice spatial cognition two weeks later. Crosby et,al reported that 1.2% isoflurane-70% nitrous oxide for 2 hours improved maze performance 2 weeks later in adult mice. In addition, we also found that sevoflurane exposure increased the levels of hippocampal NMDA receptor subunit NR2B and the activation of ERK1/2. As we know, N-methyl-Daspartate (NMDA) receptors and downstream signaling pathways are very critical in learning and memory. A previous study reported that sevoflurane selectively reduces the expression of NMDA receptor synaptic subunit NR2A and increases the expression of extra-synaptic subunit NR2B in neonatal rats\[[@pone.0134217.ref018]\]. Therefore, together with the improvement of cognitive behavior after sevoflurane treatment, we presented NR2B and downstream signaling molecules playing a possible role for sevoflurane in improving spatial learning and memory in mouse.

It is well known that hippocampus plays a vital role in learning and memory and is a target for drugs modulating cognitive processes\[[@pone.0134217.ref020]\]. We evaluated the levels of NR2B subunit and ERK1/2 in mouse hippocampus as the expression of NR2B and ERK1/2 in hippocampus was closely related with hippocampus-dependent spatial learning and memory tasks\[[@pone.0134217.ref021]\]. In adult hippocampus and neocortex, NR2A and NR2B are the predominant NR2 subunits. The balance between synaptic subunit NR2A and extra-synaptic subunit NR2B determines the fate of neurons\[[@pone.0134217.ref022]\]. An increase of NR2B is associated with neuronal death or neurodegeneration. NR2A inhibition together with NR2B activation shifts the role of NMDA receptors from neuroprotection to excitotoxicity \[[@pone.0134217.ref023],[@pone.0134217.ref024]\]. However, NR2B also appears to be a target for enhancement of memory and LTP. Activation of NR2B is considered a feasible strategy for the modification of synaptic plasticity and enhancement of learning and memory \[[@pone.0134217.ref025],[@pone.0134217.ref026]\]. The overexpression of NR2B subunit in transgenic mice is associated with enhanced activation of NMDA receptors and improved learning and memory\[[@pone.0134217.ref027]\]. The induction of long-term potentiation (LTP) correlates with increased NR2B levels in the dentate gyrus of rats\[[@pone.0134217.ref028]\]. Our data indicated the beneficial role of increased NR2B levels in memory enhancement accompanied by improved spatial cognition.

In this study, the levels of p-ERK1/2 ratio were up-regulated by sevoflurane treatment. Although, upregulation of p-ERK1/2 is contrary to the reported inhibition of the phosphorylation of ERK1/2 by sevoflurane treatment\[[@pone.0134217.ref018]\]. However, considering that sevoflurane also increases NR2B expression, and that the NR2B subunit can both negatively and positively activate ERK signaling in the cortical neurons in rat depending on the developmental stages \[[@pone.0134217.ref029]\], it is plausible that upregulation of p-ERK1/2 and increased expression of NR2B co-exist after sevoflurane treatment. Increased p-ERK1/2 levels promote growth and survival of neurons\[[@pone.0134217.ref017]\]. p-ERK1/2 activates specific transcription factors, modulates expression levels and functions of key synaptic proteins \[[@pone.0134217.ref030],[@pone.0134217.ref031]\]. This process affects many forms of synaptic plasticity, including long-term potentiation (LTP) and long-term depression (LTD), cellular models of learning and memory \[[@pone.0134217.ref032],[@pone.0134217.ref033]\]. Therefore, the finding that sevoflurane induced the upregulation of p-ERK1/2 might also be related with improved spatial cognitive function.

As we know, learning and memory processes are very complicated, which can be affected by many factors. Neuronal death through apoptosis may cause the deficits in consolidating learning and memory. It is reported that anesthetic-induced cognitive impairment is related to neural apoptosis resulting from caspase3 activation in the CNS\[[@pone.0134217.ref034],[@pone.0134217.ref035]\]. Caspase3, when activated by proteolytic cleavage, is one of the apoptotic effectors responsible for breakdown of cellular components. Activated caspase3 is widely used as a marker for apoptosis \[[@pone.0134217.ref036]\]. Zhang and colleagues demonstrated that sevoflurane inhalation activates caspase3 and enhances neuronal apoptosis in the developing brains of mice \[[@pone.0134217.ref037]\]. In this study, we also found that 3--4h treatment with 2.5% sevoflurane increased the activated caspase3 levels in hippocampus. The activation of caspase3 persisted for at least two weeks in group S3 and S4. Substantial apoptosis in group S4 was confirmed by EM. Given that the cognitive improvement of other sevoflurane exposure groups, the longest sevoflurane exposure mice in S4 performed similarly to control group, which may be the results of apoptosis induced by long-term sevoflurane treatment. We speculatd that the 4 hour sevoflurane treatment could induce neural toxicity in mice, which offset the facilitative effects on cognition induced by upregulation of hippocampal NR2B and p-ERK1/2. Thus, exceeding 4h exposure to 2.5% sevoflurane induced neuronal apoptosis and might eventually result in impairment of spatial cognition in mice.

Conclusion {#sec016}
==========

Our findings indicated that sevoflurane exposure with limited duration increases the levels of hippocampal NR2B and p-ERK1/2, potentially contributing to the improvement of spatial learning and memory. However, relatively long-term sevoflurane exposure induces neuronal apoptosis through activation of caspase3. We concluded that limited exposure to sevoflurane exerts a beneficial effect on cognitive performance. This might be due to the persistent effect on NR2B and ERK1/2 activation. However, prolonged exposure might lead to functional impairment and neurotoxicity.
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